The capacity for biological materials to combine with inorganic salts is well established. Bio-mineralisation was an evolutionary milestone, and a key contributor to the 'cladogenesis of life' which occurred in the early Cambrian period, 570 million years ago. 1 A protracted ice age in the late Precambrian era may have been the catalyst.
This phenomenom is also the bedrock upon which both the art and science of bone and joint surgery is founded. The role of calcium salts in osteogenesis has long been a focus of interest.
Clinical and experimental evidence was first published in the late 19th century. 2 In the formation of bone, calcium phosphate mainly in the form of apatite, combines with collagen by both epitaxic and chemical bonding. This achieves an integrated composite material which is 'living' in that it contains both osteoblastic and osteolytic cells which are responsible for grooming the structure. Mechanical loading and strain are the fundamental influence for remodelling, the "functional adaptation" described by Wolff in 1890. 3 In order to achieve a sound interface between bone and an implant, normal mechanical continuity appears essential. Any fibrous interlayer serves to alter the normal loading, producing a sclerotic surface when seen on radiographs. Such material is relatively avascular and may be susceptible to opportunist infection. In addition, it may not be able to staunch the flow of fluids and material debris which is thought to account for bone granulomata and aseptic loosening.
Calcium hydroxyapatite can be produced artificially. Maxillofacial research has indicated that it functions well as a bone filler, 4 although understanding of the mechanism for this effect remains incomplete. It does not result in bone formation when placed in other tissues. Biocompatability depends on acceptance by a host cell, with no adverse immune or toxic reaction. There is evidence that the rate of degradation of the calcium salt is an important factor in osteoconduction. There may be advantages in a biphasic composition with tricalcium phosphate to achieve an optimum supply of calcium ions. 5 Radiographs do not accurately reflect the histological situation in radiopaque material which can only be achieved by histological and mechanical analysis. 6 Plasma spray technology has provided the ability to coat dental and orthopaedic metals with calcium salts thus facilitating the emergence of 'bioactive' implants. 7 During the 1980s, pioneering experiments with this technique were undertaken by Newesley and Osborn, 8 de Groot, Geesink and Klein, 9, 10 Soballe et al, 11 Geesink and Manley, 12 and Cook, Thomas and Jarcho. 13 In every comparative study with a non-coated matching device, the speed and effectiveness of bonding were dramatically improved. Coated implants had been used in dentistry since the 1970s.
14 The orthopaedic world followed rather slowly in their footsteps. The first orthopaedic application seems to have been at St Thomas' Hospital, London in 1981. 15 The Furlong (JRI Ltd, London, UK) hydroxyapatite ceramic-coated total hip replacement was introduced in 1985. Geesink followed with the Omnifit hip (Stryker Howmedica Osteonics, Allendale, New Jersey) in 1986, and the Artros group began use of their Landos system in the same year. The ABG hip (Stryker Howmedica Osteonics) arrived in 1988. Since then, most manufacturers of orthopaedic implants have developed coated prostheses for the hip, particularly as well as for the knee. Currently most implants which require anchorage to bone have been produced with coating, with success in most cases.
As is the case with innovations, the enthusiasts drew scepticism. Concerns were expressed as to possible delamination of the coating leading to aseptic loosening and of third-body wear of the bearing surfaces from hydroxyapatite grit. We are now able to review hydroxyapatite-coated implants used in a considerable range of applications up to nearly a quarter century after its introduction. In the main, the gloomy predictions have not been borne out. The key consideration is whether the coating contributes to success or failure. Many factors may influence the outcome of an implant, including materials, design geometry, surgical technique and patient use.
The information concerning mandibular implants is extensive. After five years 90% of dental implants are successful but this falls off to 82% by ten years. Titanium devices coated with hydroxyapatite may hold a slight advantage over uncoated versions but prejudice exists in relation to the effect of coating on the periodontal membrane. 16 Implants in dental surgery are placed in a contaminated environment and a reduced pH through bacterial colonisation in the mouth will damage calcium phosphates.
In orthopaedics, the popularity of coated implants appears to be increasing and their applications continue to expand.
Recently the results of hip replacements coated with hydroxyapatite with a follow-up of over ten years have been presented. [17] [18] [19] [20] [21] Fixation of the stem has proved highly successful. A wide range of design concepts have been employed. Implant shapes vary from rounded to blade type profiles, sided or not, collared or not. They may be fully or partially coated and the thickness of the coating, the method of fabrication and the purity of the calcium apatite show a considerable range. However, despite triumphal claims by the promoters of each variation, there appears to be little difference in outcome, which for four significantly differing implants has been outstanding, and as good as the best of published series of cemented hip stems. [22] [23] [24] These bioactive devices appear to have been more consistent than a variety of other uncemented stems. 25 The acetabulum has also shown advantages over comparable designs of uncemented implants, although some adverse outcomes have been published. Hydroxyapatitecoating on polyethylene is clearly unsatisfactory. 26, 27 Backside wear of the polyethylene liner in the early ABG cups has been reported as causing the formation of granulomata, significantly detracting from their reliability. The problem has been addressed with current implants employing a cup without a hole. 28 There is little evidence to suggest that this complication reflects on the HA bond to bone, although possibly a substantial cement mantle would have dampened the effect. Rahbek et al 27 have demonstrated that hydroxyapatite coating may improve the seal against fluid and particle migration. Early Landos cups have shown failures due to high wear 29 but it is not clear whether this is a feature of metal-backed implants with thinner polyethylene, 30 or is specifically related to the coating. Surgical technique may be relevant, since the problem has not been experienced universally. The trend towards hemispherical implants appears to have produced notable success [31] [32] [33] and currently, reliability appears to be matching that of the stem. Improvement in the material of the bearing surface may address the problem of wear. When comparison has been made between matching implants with or without coating, the findings consistently favour the coated version. 34 In view of these encouraging results why has the acceptance of this technique not become universal? Cemented devices are currently cheaper, largely as a result of commercially-based pricing strategy. Preferences for hip replacements vary from nation to nation. In Australia approximately 58% of surgeons favour uncemented prostheses, 35 whereas in the United Kingdom they are the choice of approximately 13%. 36 There are several criticisms of uncemented technology. An uncemented implant requires a secure interference fit, and in achieving this, the risk of perioperative fracture becomes greater. It is more common than with cemented fixation. A further concern is that should revision be required for reasons other than loosening, removal of the implant may cause excessive damage. Against this, it has been claimed that loosening in the face of sepsis is less common with the coated devices, 37 and should revision be required, it may be more straightforward with the absence of cement. However, the effect of marketing efforts and national habit may be the most significant determinants.
It is unavoidable that the follow-up for cemented fixation will always be longer than with other methods. Nevertheless, in a varied collection of hip replacements with the only common feature of hydroxyapatite-coated fixation, the medium term results for aseptic loosening are outstanding and as good as the very best of cemented series. In stark contrast, experience has taught us that subtle design variation can have a dramatic effect on the reliability of cemented fixation. 38 Perhaps this is the most impressive evidence for the success of hydroxyapatite coating.
The literature contains few quality randomised control trials. Bradley and Andrews 39 has reported a well designed trial comparing cemented Charnley and coated Furlong prosthesis, which at ten years appears to favour the latter.
Further indication that sound biological bonding is important comes from accumulating evidence in revision surgery. Trikha et al 40 report exceptional results for revision hip stems. Randomised trials are particularly difficult to design in this type of patient but reports on cemented revision do indicate an unacceptable rate of failure. 41 Impaction grafting techniques have been promoted and good results reported. 42 At the present time, the most popular method of revision hip surgery employs sophisticated modular systems developed by a range of manufacturers, and often using HA coatings as a method of enhancing fixation. The optimum method of fixation however remains unsolved.
Cross and Parish 43 describe a large series of total knee replacements in this issue. The medium term results relating to fixation appear outstanding. This adds to a significant collection of reported outcomes in knee replacements [44] [45] [46] [47] and again indicates that the method is effective. Epinette, Young and Morris 48 has found equally satisfactory bonding with his unix unicondylar replacement.
This technology is being applied to other joints. It has become popular in ankle arthroplasty, with excellent bonding in medium term results with the STAR ankle. 49 Levy and Copeland 50 report excellent reliability in shoulder resurfacing. Hydroxyapatite coating enhances the reliability of external pin fixation 51 and improves the stability of pedicle screws compared with uncoated screws in the spine. [52] [53] [54] The reliability of cement, when correctly used, is excellent and remains the most common method of fixation in the United Kingdom, but poor technique is unforgiving. Similarly, excellent results have been reported with noncoated uncemented devices 55 but surgical technique and design are critical. 25 Many disappointing results have been reported. The design of the implant and the surgical technique have a profound influence on success in all of this area of orthopaedic practice.
The most impressive evidence in favour of hydroxyapatite coating is the rarity of reported adverse results relating to the method of fixation. In the majority of cases, it appears to offer outcomes which are consistently as good as the very best of cemented or uncemented systems, and substantially better than average. With a wide variety of design concepts and surgical techniques, it appears to provide a forgiveness for shortcomings in both design and surgical technique. Such a safety cushion offers patients better assurance of outcome. It is clear that this type of fixation has a place in modern orthopaedic practice.
